Although still poorly understood, the chemistry that occurs on the surfaces of interstellar dust particles profoundly affects the growth of molecules in the interstellar medium. The most important surface reaction is the conversion of atomic to molecular hydrogen, which is a precursor for all subsequent molecular development and which occurs both in diffuse and dense interstellar clouds. Another set of surface reactions produces icy mantles of many monolayers in cold and dense regions of the interstellar medium. The monolayers are dominated by water ice but also contain CO, CO2, and occasionally methanol. In this work, we first review both our stochastic approach to the surface chemistry that can occur on small dust particles and how it has been applied to the problem of the formation of molecular hydrogen. This latter problem is strongly affected by the pulsed heating of smaller grains by photons. Photons are not the only source of pulsed heating; cosmic rays also can heat interstellar grains in a pulsed manner. Here, we calculate the heating by cosmic rays for different grain sizes and cosmic ray components. It is then shown that this mechanism is an important one for desorption of ice mantles. interstellar clouds ͉ interstellar medium ͉ dust particles ͉ cosmic rays ͉ H2 formation
Although still poorly understood, the chemistry that occurs on the surfaces of interstellar dust particles profoundly affects the growth of molecules in the interstellar medium. The most important surface reaction is the conversion of atomic to molecular hydrogen, which is a precursor for all subsequent molecular development and which occurs both in diffuse and dense interstellar clouds. Another set of surface reactions produces icy mantles of many monolayers in cold and dense regions of the interstellar medium. The monolayers are dominated by water ice but also contain CO, CO2, and occasionally methanol. In this work, we first review both our stochastic approach to the surface chemistry that can occur on small dust particles and how it has been applied to the problem of the formation of molecular hydrogen. This latter problem is strongly affected by the pulsed heating of smaller grains by photons. Photons are not the only source of pulsed heating; cosmic rays also can heat interstellar grains in a pulsed manner. Here, we calculate the heating by cosmic rays for different grain sizes and cosmic ray components. It is then shown that this mechanism is an important one for desorption of ice mantles. interstellar clouds ͉ interstellar medium ͉ dust particles ͉ cosmic rays ͉ H2 formation T he first polyatomic molecules were detected in the gas phase of interstellar clouds Ͼ30 years ago (1) . Composed of both gas and dust particles, these clouds are the cold and neutralmatter component of a complex interstellar medium. At present, Ͼ130 different molecular species have been detected by highresolution spectroscopy in the cold interstellar medium and in related circumstellar clouds surrounding old stars (see www. astrochemistry.net). Although most of these species have been detected only in our own galaxy, the Milky Way, others have been seen in external galaxies, and a few have been detected in the early universe. Mainly organic in nature, these molecules range up to 13 atoms in size, although the overwhelmingly dominant molecular species is H 2 . Interstellar and circumstellar molecules are detected under a variety of different physical conditions, from diffuse interstellar clouds to heterogeneous dense interstellar clouds with significant substructure. Two of the richest types of interstellar sources are both located in these dense clouds: (i) cold quiescent cores (T Ϸ 10 K), where the inventory of organic molecules is dominated by unsaturated organic species, and (ii) hot molecular cores or ''corinos'' (T Ն 100 K), where the organic chemistry is dominated by more saturated organic species similar to what is common in the terrestrial laboratory. Both of these types of objects are related to the formation of stars, which is far better understood for low-mass stars such as the sun. In this case, a cold core collapses in a rather complex process that is isothermal at first and changes to adiabatic when an opaque central condensation is formed. As this condensation, known as a protostar, heats up to the point that nuclear reactions onset, the surrounding envelope warms up and becomes known as a hot molecular corino. In addition, violent winds arise to blow the surrounding interstellar material away, and a protoplanetary disk possibly leading to a solar-type system forms (2).
Although the formation of interstellar clouds is poorly constrained, the general picture is that they arise from gas and dust released into the interstellar medium by older stars, either explosively, as in the case of supernovae, or more gently, as in the case of asymptotic giant branch stars and planetary nebulae. Although the dust particles survive in the interstellar medium, molecules produced in stellar atmospheres are photodestroyed in the unshielded medium in relatively short times. The matter that forms interstellar clouds under the influence of gravity then most likely consists of dust particles and atoms, comprising elements in so-called cosmic abundances measured by the spectroscopy of stellar atmospheres, in which hydrogen is dominant and the important biogenic elements, carbon, oxygen, and nitrogen, are lower in abundance by 3-4 orders of magnitude. The dust particles, initially ranging in radius from 5 to 250 nm (0.005-0.250 m) with a population distribution that goes as r Ϫ3.5 , are thought to consist of two populations, depending on whether they are produced in the atmospheres of oxygen-rich (elemental O͞C Ͼ 1) or carbon-rich (elemental C͞O Ͼ 1) stars: oxygen-rich stars lead to metallic silicates, whereas carbon-rich stars lead to some form of carbon. In cold and dense regions of interstellar clouds, infrared absorption studies show the existence of mantles of ices, consisting mainly of water, CO, and CO 2 (3). In protostellar regions, these ices evaporate and change the nature of the chemistry from an unsaturated to a saturated one (4, 5) . In regions in the vicinity of newly formed stars, infrared emission pumped by visible and ultraviolet radiation indicates the existence of aromatic matter, probably in the form of large polycyclic aromatic hydrocarbons (6) .
The chemical processes that convert the mainly atomic gasphase matter into molecules consist of gas-phase reactions and reactions that occur on the surfaces of the dust particles (2, 7). Although gas-phase chemistry explains much of what astronomers see in the interstellar gas, surface chemistry must be invoked to explain the efficient formation of H 2 and the formation of most species in the icy grain mantles. Surface chemistry has not been studied to as great an extent as gas-phase processes for two major reasons: (i) the nature of interstellar grain surfaces is not well determined chemically or physically, and (ii) the chemistry that occurs on cold and nonmetallic surfaces has not received a great deal of study in the laboratory. Even the formation of molecular hydrogen from two hydrogen atoms is incompletely understood, despite some promising experiments on the granular surface analogs olivine, amorphous carbon, and amorphous ice (8) (9) (10) (11) . Part of the problem is that most experiments are studied on large surfaces rather than on nanoparticles; the small surface area of the latter coupled with low fluxes in interstellar environments means that the average number of reactive species on grains can be less than unity and that specific discrete numbers on an individual grain fluctuate widely, re-quiring a stochastic treatment of the kinetics rather than the use of standard rate laws (12) (13) (14) . This problem also occurs in cell kinetics and in second-layer nucleation in surface science (15) . A variety of simplified stochastic approaches have been used in the past to model a significant number of surface reactions occurring simultaneously under interstellar conditions; of these, the master equation approach and various approximations to it have been most useful (16) (17) (18) .
To understand the detailed nature of the diffusive, or Langmuir-Hinshelwood, chemistry that occurs for specific reactions on small, irregular interstellar particles, we recently developed a Monte Carlo procedure based on the continuous-time randomwalk method of Montroll and Weiss (19) . In this procedure, the grain is modeled as a square lattice with sites equivalent to the actual sites, or potential minima, where adsorbing atoms land and possibly stick on the substrate (20) . The method allows us to follow atoms and molecules on the surface and tune properties of the surface such as its roughness and temperature to study their effect on molecular formation. In this work, we first review our previous calculations concerning the formation of molecular hydrogen in diffuse interstellar clouds, and then present previously unreported work on the desorption of icy grain mantles by cosmic ray bombardment.
Monte Carlo Method
Let us start by explaining the Monte Carlo method. Two energy parameters define a site on the grain lattice: E b , the potential barrier between the site and its nearest neighbors, and E D , the larger energy needed to desorb the adsorbate, often referred to as the binding or evaporation energy. The rates (s Ϫ1 ) for desorption and hopping from these sites are given by
and
respectively, where is a trial frequency, with which adsorbates collide with the barrier surrounding them, and the index i is used for different types of sites, if they arise. Tunneling under barriers is not considered because little or no evidence has been found for it (8) . Here we use the value of ϭ 10 12 s Ϫ1 , which is typical for physisorption problems (8) . The size of the grain is related to the size of the lattice by means of the site density of the particular adsorbate-substrate system (e.g., H atoms on olivine), which, along with the energy parameters, can be determined through temperature-programmed-desorption experiments (8) .
In addition to simulating so-called flat surfaces, where each site has the same energy parameters, we can simulate rough surfaces, where the complex topology leads to binding sites that possess a discrete number of different energy parameters, or even amorphous surfaces, where the energy parameters are described by a continuous distribution. A designer surface of a specific roughness can be ''fabricated'' on demand, by using a special program (21) .
In our Monte Carlo method, random numbers are called to mimic the following processes: adsorption of species onto random sites of the lattice, diffusion of these species through random walk, reaction of two species when they occupy the same lattice site, evaporation of the reactants and products, and both heating of the grain and photoprocessing of the surface reactants by the radiation field of the interstellar environment. Because reaction can occur when an adsorbate lands atop another one, our method also includes the so-called Eley-Rideal mechanism (22) . The methods by which the probabilities of the assorted processes are determined and the sizes of the steps by which the clock proceeds forward are discussed in detail in our earlier papers (20, 21) . The key surface features that determine the efficiency of reactions are the degree of roughness or amorphous nature, the energy parameters, and the so-called trial frequency .
Formation of H 2 in Diffuse Clouds
Unlike dense clouds, diffuse regions are exposed to radiation from external stars with very little extinction because of scattering and absorption by dust particles. The radiation is generally referred to as the average interstellar radiation field, and it is strong enough to dissociate small molecules within 100 years. Note that astronomers use a parameter known as the visual extinction, A V , which pertains to the visible region of the spectrum and is defined so that 5 units of extinction correspond to a diminution of 100. This parameter is very close to an optical depth, and the two can be used interchangeably. Diffuse clouds typically possess a visual extinction on the order of unity, so that the rate of photodissociation is not slowed significantly by extinction. Nevertheless, the chemistry of diffuse clouds is more complex than originally thought, with a variety of polyatomic molecules recently discovered in the gas (23) . Still, the dominant chemical reaction in such sources is the formation of molecular hydrogen from hydrogen atoms.
Our first application of the continuous-time random-walk Monte Carlo method was to the formation of molecular hydrogen in diffuse clouds (20, 21) . This molecule has to be formed on the surfaces of interstellar grains, because the gas-phase radiative association reaction is inefficient at low interstellar temperatures (24). According to an analysis based on recent laboratory results on olivine (8), which was treated as possessing a flat surface, the surface formation of H 2 occurs efficiently only over a very small temperature range (6-9 K), which is much lower than the estimated surface temperature of Ϸ18 K for grains of 0.1 m in radius (25). Note that the efficiency of H 2 formation is defined as twice the number of H 2 molecules produced per H atom striking a grain. The main problem is that the residence time of the H atoms on olivine grains with a standard temperature of Ϸ18 K is much shorter than the deposition time, because of the rapid evaporation of surface H atoms and the low flux of H atoms striking the grain. Therefore, two hydrogens can rarely meet to form H 2 .
In two of our papers (21, 26), we treat olivine as having a rough surface, including sites with discrete desorption energies higher than the standard value. The presence of these sites arises from topological protrusions on the surface that lead to a higher desorption energy than the norm (21) . Such a rough olivine surface also can be used to fit the laboratory temperatureprogrammed-desorption data on H 2 formation (21) as well as the original analysis of Katz et al. (8) . We also have considered amorphous surfaces, in which we assumed a distribution of energies around the values found experimentally (20) . In both cases, it was found that H 2 could be formed efficiently over a wider range of temperatures and so better explain the observed abundance of the molecule in diffuse clouds. To reach high efficiency at 18 K requires either a high degree of roughness or amorphism.
However, the concept of a single grain temperature of Ϸ18 K is only a simple approximation (25). In our most recent paper (26), we studied the effect of stochastic heating of olivine grains on the rate of molecular hydrogen formation in diffuse clouds. Grains are heated by the absorption of photons and cool radiatively. Fig. 1 shows the thermal fluctuations of olivine grains of varying sizes in the presence of a standard interstellar radiation field. Fig. 1 shows clearly that larger grains tend to possess an average temperature, whereas smaller ones possess temperatures that fluctuate over a large range. Indeed, the smallest grains in our sample seem to have a baseline temperature of Ͻ8 K, although this baseline is not typically reached. A similar calculation on carbonaceous grains of the same size (27) shows a lower baseline in a long interval between photon hits. The dependence on size comes about because the smaller grains absorb photons at larger time intervals, and these photons have a greater thermal effect.
Because the formation of H 2 has a strong dependence on the surface temperature and because the small grains make a large contribution to the total surface area, we expect that these fluctuations will have an important effect on the overall rate of molecular hydrogen formation. Our results showed that this hypothesis is indeed the case, although the results depend on the roughness of the material. A variety of different degrees of roughness were studied, ranging from flat to moderately rough (see ref. 21 for a detailed description of the surfaces). Two competing effects on small-to-intermediate grains help to determine the efficiency of H 2 formation. On the one hand, the efficiency becomes lower because of temperature fluctuations that decrease the residence time of the hydrogen atoms on the surface. On the other hand, the temperature range (in the vicinity of the modal, or most likely, temperature) at which the grain spends most of its time becomes Ͻ18 K for smaller grains, which yields an increase in the efficiency because the process is more efficient on olivine at temperatures Ͻ18 K. The computed results show that for flat and slightly rough surfaces, the efficiency, although Ͻ0.1, is largest for the smallest grains, whereas for the roughest surfaces, the efficiency is largest for grains of Ͼ0.02 m in radius, where it can reach 0.7. After integrating over all grain sizes with the standard size distribution of r Ϫ3.5 , we determined that the overall production rate for all but flat olivine surfaces is large enough to explain the abundance of H 2 found in the diffuse interstellar medium.
Cosmic Ray Heating
In both dense and diffuse clouds, grains are also heated by incoming cosmic rays, which are bare nuclei that travel at relativistic speeds and that have energies mainly between 0.02 and 4 GeV per nucleon (1 eV ϭ 1.602 ϫ 10 Ϫ19 J) (28) . Their elemental composition resembles the cosmic elemental abundances to some extent so that the rays are mostly protons but also contain other heavier nuclei such as iron, which is abundant because the cosmic rays are produced in supernovae. Unlike the case of ultraviolet and visible radiation, cosmic rays can penetrate deeply into molecular clouds. In this section, we will look at the influence of cosmic rays on both olivine and carbonaceous grains. Two types of cosmic rays will be considered: protons and iron nuclei. Protons are by far the more abundant, but because the energy that is deposited into the grain is proportional to Z 2 where Z is the charge of the particle (atomic number of the nucleus), they will not bring about a large temperature gradient. Iron, on the other hand, has a much larger thermal effect (Z ϭ 26), but the flux of Fe nuclei is a factor of 1.6 ϫ 10 Ϫ4 (28) lower than the proton flux.
We take the cosmic ray flux in particles cm Ϫ2 ⅐s Ϫ1 ⅐ster Ϫ1 ⅐GeV
Ϫ1
(where ster is steradian, a unit of solid angle) from Morfill et al. (29) to be
where is the cosmic ray energy in GeV per nucleon. We only consider particles with energy between 0.02 and 2 GeV per nucleon because the higher-energy ones have much less of an effect. The cosmic rays deposit an energy Q (MeV) into a grain of radius r (in m) according to the formula
where is the density of the granular material in g⅐cm Ϫ3 (28), which we take to be 3.3 and 2.2 g⅐cm Ϫ3 , respectively, for olivine and carbonaceous grains. The heating of the grains is calculated by using the same procedure as in our previous paper (26) , where we determined the increase in temperature by using the heat capacity. We assume the grains to be Debye solids: olivine with a Debye temperature of 500 K (25, 30, 31) and amorphous carbon with one of 337 K (32). We do not take into account the damage that is done to the granular material by the impact of the cosmic-ray particle and the exact nature of the transfer of energy, as is done by Bringa et al. (33) (34) (35) . Our approach corresponds to their ''late thermal'' portion (35) . We are interested, rather, in using the temperature fluctuations to simulate the desorption of where k (yr Ϫ1 ) is the collision rate, and t is the time. If we consider Fe cosmic rays, the rate for grains of radius 0.1 m is Ϸ10 Ϫ5 yr Ϫ1 so that for a young cloud of age 10 5 yr, f ϭ 0.63. However, because the rate of collision is proportional to the square of the granular radius, the time at which f ϭ 0.63 becomes dramatically longer for smaller grains. Because there are many grains within that size regime, a large number of small grains will still be heated by Fe nuclei by 10 5 yr, and the resulting desorption of many surface species must still be considered. Fig. 3 shows that H particles hit the grains much more frequently.
Figs. 2 Right and 3 Right give the temperatures to which the grains are heated as a function of granular radius for Fe and H cosmic rays, respectively. Figs. 2 Right Upper and 3 Right Upper are for olivine, whereas Figs. 2 Right Lower and 3 Right Lower are for amorphous carbon. The grains are considered to have a constant base temperature of 10 K without cosmic rays, which is an appropriate temperature for cold cores in dense interstellar clouds. After a cosmic ray hits a grain, the grain heats up very quickly. The radiative cooling is slower: after collision with an Fe cosmic ray, it takes between 8,000 and 9,000 s for olivine to cool down again to near 10 K, whereas for amorphous carbon, it takes between 1,300 and 1,700 s. The cooling is depicted for a grain of radius 0.1 m in Fig. 4 Upper. Because we used a wide spectrum of different cosmic ray energies, different peak temperatures were reached. The temperature peaks as a function of granular radius are shown in Figs. 2 Right and 3 Right with the maximum of the distribution (the mode) shown as a cross, which is very close to the lowest values determined. Fig. 4 Lower shows a histogram of these temperatures for an olivine grain of r ϭ 0.1 m that is bombarded with Fe nuclei. It clearly indicates the large asymmetrical distribution of peak temperatures that are typically found, which in turn reflects the energy distribution of the cosmic rays. The solid line indicates the modal temperature of the distribution; the two dashed lines give the 99% boundaries, i.e., those temperatures between which 99% of the determinations fall.
The peak temperatures of the carbonaceous grains are all slightly higher than for the silicate grains. The graphs further show a strong granular-size dependence of the peak temperature. For very small grains, temperatures up to 350 K can be reached, but this drops rapidly to Ϸ100 K for r ϭ 0.05 m grains, and the largest grains are only slightly heated above the starting temperature of 10 K. For the heating by protons, these temperatures are all lower and the peak temperatures compare with the photon heating discussed in ref. 26 , mainly because the protons, although much more energetic than the photons, do not dispose of their energy efficiently.
Desorption of Adsorbates in Dense Cold Clouds
There is evidence in cold cores of dense clouds that some inefficient nonthermal desorption mechanisms are operative. If only thermal evaporation is considered, the only species that can desorb at 10 K are hydrogen and helium (7) . Yet, heavy species are found in the gas, one of which (methanol) can probably only be formed by means of surface chemistry (36) . Here we focus on the mechanism of desorption by means of cosmic ray bombardment of Fe nuclei. The subisidary, but nonnegligible, role played by cosmic ray protons in the desorption of relatively weakly bound species such as CO needs further study. Cosmic ray desorption has been discussed before in the astronomical literature (28, 37) , and simple estimates have been made for the rates obtained by means of iron nuclei for various heavy adsorbates (37) . In addition, a detailed molecular dynamics simulation has been reported to evaluate the details of the process (35) . Here we use our stochastic method to determine what happens to assorted heavy species such as water ice once the grain is heated by cosmic-ray bombardment. In particular, we have run four types of simulations with a completely flat substrate. We considered both one and five monolayers (MLs) of water ice on a carbonaceous surface and single MLs of CO and of N 2 atop a water ice substrate on a carbonaceous grain. We assumed no lateral interactions between the adsorbates and only vertical interactions between adsorbate and substrate. At the start of the simulation, the desorption time for each molecule was determined by using a random number to mimic the exponential decay. Because the desorption energy is high and the grain temperature is low (10 K), these times are generally longer than the simulation time. When the grain is heated by cosmic rays, these times change from t event old to t event new according to
where t is the current time, the rates are defined in Eqs. 1 and 2, and T old and T new are the temperatures before and after heating, respectively. During the cooling the times are changed, using the same equation. The grains with mantles do not only cool radiatively but also by desorption, which extracts energy from the grain and can strongly speed up the cooling. We assume that with every desorption the grain loses E D in energy. The average surface or mantle abundance and its standard deviation after a cosmic ray hit was determined, and the results are summarized in Table 1 . These results were obtained by averaging Ͼ250 runs with cosmic rays of different energies. If we first focus on water, we can clearly see a difference between one and five MLs (Table 1 , columns A and B). We chose one and five MLs to mimic water desorbing from a bare grain and a grain with an ice mantle, respectively. The reason that the two cases show such different behavior is that the first ML of water has an interaction with the underlying surface of 2,000 K, whereas the water-water ice interaction is 5,640 K (38-41). In our simulations, we assumed that only the top layer could evaporate, so that in the case of five MLs of ice, the top layer could prevent the rest of the layers from evaporating. Based on the results in Table 1 , it can be concluded that water desorbs efficiently from bare grains up to a size of 0.1 m. From ice mantles, on the other hand, water desorbs efficiently only from grains with a radius of Ͻ0.02 m. The result is that once past the initial stage of growth, water ice mantles can grow significantly in dense, cold sources, as observed, unless there are more efficient nonthermal desorption mechanisms to consider.
For the study of CO and N 2 MLs atop a water ice substrate, we used evaporation energies of 1,150 and 1,000 K (42, 43) , based on temperature-programmed-desorption experiments of the molecules on amorphous solid water. We see that in both cases the single MLs are released completely except for the largest grains considered, where the release is still partial. The situation would be more complex if CO and N 2 species were to be found dispersed with the dominant water ice, a situation that probably occurs in the cold interstellar medium. Nevertheless, our results indicate that a ML of either CO or N 2 ice is desorbed efficiently by cosmic-ray bombardment. How this result limits the actual growth of ices of these species depends of course on the growth rate as well and must be determined by detailed gas-grain chemical models that include all relevant chemical and physical processes (36) .
With some caution, it is possible to convert the results obtained here into first-order rate coefficients for each granular size that are products of the cosmic-ray bombardment rate multiplied by the efficiency. Another manner of looking at the data is to determine a yield, or maximum number of MLs, that can be desorbed. Rate coefficients are useful for inclusion into gas-grain kinetic models, but they have their limitations. Suppose an Fe cosmic ray strikes a grain with a top ML of CO molecules; the result here is that except for the largest grain the efficiency of desorption is unity, and the first-order rate coefficient k cr is simply the cosmic-ray collision rate. But now suppose that 50 MLs of CO are present; the efficiency for removing all of the MLs will probably be much lower, so that the rate coefficient will depend on the amount of CO present. (See also our water ice results for five MLs in column B of Table 1 .) So, perhaps it is best to quantify the desorption by two parameters: a total yield and the efficiency of removing one ML. A simple approximation then could be made that the single ML efficiency be used up to the last ML of the total yield.
Let us now consider such a rate coefficient for CO on water ice. Hasegawa and Herbst (37) estimated a first-order cosmic ray desorption rate coefficient k cr caused by Fe cosmic rays bombarding a 0.1-m grain for a variety of surface species, assuming that volatile species comprised most of the mantle. For CO, a value of 9.80 ϫ 10 Ϫ15 s Ϫ1 was calculated. They estimated the peak temperature to be 70 K and the time-scale for evaporative cooling to 60 K to be 10 Ϫ5 s for a grain of 0.1 m. Our results indicate a lower average peak temperature for this case. To obtain a first-order rate coefficient for the single ML of CO on water ice from our results in Table 1 , we multiply the cosmic ray collision rate per grain by one minus the fraction in the table. In this way, the maximum rate coefficient is the cosmic-ray collision rate per grain. This procedure yields k cr ϭ 5.70 ϫ 10 Ϫ13 s Ϫ1 , which is significantly larger than the value estimated by Hasegawa and Herbst (37) . The difference lies mainly in the cosmic ray flux assumed: our flux is significantly greater than that used in the earlier study because we consider a wider range of cosmic-ray energies. How this larger desorption rate will affect the partition of CO between gas-phase and mantle in dense cold clouds remains to be studied in gas-grain models. We do note, however, that the molecular dynamics results of Bringa and Johnson (35) also show a small CO desorption rate, composed partially of a prompt sputtering, early heating, and late (whole grain) heating. The reason for the discrepancy between the two calculations is not yet clear because the temperature to which the grain is heated is comparable with our values, although it should be mentioned that the molecular dynamics simulation is for pure CO ice, which is quite different from our CO ϩ water-ice mantle ϩ carbon-core grains.
The stochastic approach reported here also can be used for more complex surfaces. Interstellar grains are known to be fractal-like and porous, and therefore many more individual species can be attached to an outer layer and easily evaporate. On the other hand, some of the volatile species can be spread out among the dominant water-ice MLs, thereby possibly slowing down and complicating the rate of desorption (42, 44) . Before incorporating our theoretical results into gas-grain model calculations of the chemistry of dense clouds (36), we also should consider these two possibilities.
Conclusions
In this work, we have discussed our stochastic approach to the surface chemistry that occurs on interstellar grains and reviewed its use to study the formation of molecular hydrogen. We then used the approach to study desorption of icy grain mantles after cosmic ray hits. The formation of molecular hydrogen on Uncertainties are assuming a Gaussian distribution, which is incorrect for several cases in which the standard deviation exceeds the modal value. Column A, one ML of H 2O on a carbonaceous grain heated by Fe nuclei; column B, five MLs of H 2O on a carbonaceous grain heated by Fe nuclei; column C, one ML of CO on a carbonaceous grain with ice mantle heated by Fe nuclei; column D, one ML of N 2 on a carbonaceous grain with ice mantle heated by Fe nuclei. irregular surfaces is best handled by a stochastic method in which either a continuous or discrete distribution of binding energies, corresponding to amorphous or rough structures, can be treated. Our calculations show that these types of surfaces enlarge the temperature range over which the formation of molecular hydrogen can be efficient. The stochastic approach also allows us to consider the effect of photons striking the dust particles, leading to heating at irregular intervals for the smaller particles, and so influencing the rate of H 2 formation.
Nonthermal desorption mechanisms of low efficiency play a role in maintaining a significant amount of material in the gas phase of cold dense regions (36) . Among the many such mechanisms discussed in the astronomical literature, cosmic-ray bombardment by Fe nuclei has been mentioned for some time (28, 37) . Unlike photons, cosmic rays penetrate large columns of matter and so can interact with material deep inside dense clouds. Although the interaction of cosmic rays with dust particles is a complex one that has profitably been studied by molecular dynamics simulations for simple systems (35) , simulations of the more complex granular structures present in the interstellar medium can profitably be undertaken with stochastic methods. In this work, we have extended our continuous-time random-walk Monte Carlo approach to study the whole-grain heating of dust particles and the nonthermal desorption that occurs as a result of that heating. The particles are struck by a flux of cosmic rays with a wide spread in energy, and the resultant efficiency and rate of desorption of suitable ices present in cold dense cores are determined. The efficiency is a function of granular size, because the larger grains are heated to lower peak temperatures. We have specifically considered desorption from carbonaceous grains struck by Fe nuclei involving (i) one ML of water ice atop the carbonaceous substrate, (ii) five MLs of water ice atop the carbonaceous substrate, (iii) one ML of CO atop a water ice substrate, and (iv) one ML of N 2 atop a water ice substrate. Although the single ML of water is efficiently desorbed for all but the largest grains studied, desorption proceeds much more slowly for the five MLs because of the strong bonds between water molecules. Both MLs of CO and N 2 are desorbed efficiently. Studies of desorption occurring with more complex structures such as porous material and mixed MLs are also planned. To use these results in gas-grain models of interstellar chemistry of cold cores will require converting the results into rate laws, as initially explained by Hasegawa and Herbst (37) .
